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Abstract— A novel filtering nonmagnetic circulator based on
the spatiotemporal modulation of microstrip filtering delay net-
work using traditional PCB processing technology is presented
in this article. By utilizing switches controlled by periodic signal
to realize spatiotemporal modulation of microstrip filtering delay
networks with large and flat in-band group delay response, the
symmetry of time reversal is broken and thus the nonreciprocity
characteristic is realized. By combining the advantages of both
circulators and filters, a filtering nonmagnetic circulator is thus
constructed. It is worth noting that all the circuit elements
are fabricated using the traditional PCB technology, which is
easy to integrate with other systems. The working mechanism is
investigated theoretically and numerically. Moreover, the trans-
mission characteristics and the group delay of the microstrip
filtering delay network, which play a key role in spatiotemporal
modulation in the proposed nonmagnetic circulator, are analyzed
in detail. The prototype of the proposed filtering nonmagnetic
circulator is designed, simulated, fabricated, and measured.
The measured results agree well with the simulated ones. The
nonmagnetic filtering circulator operates at 930–990 MHz with
a relative bandwidth of 6.25%, and good filtering characteristics
are also obtained. The maximum isolation of the circulator in
the passband is better than −20 dB and the insertion loss (IL)
is only 2.6 dB. Due to the compact microstrip filtering delay
network with large group delay is used to realize the filtering
and delay function in the system, good filtering characteristics
are integrated into the nonmagnetic circulator, and the oversize
is also reduced.
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I. INTRODUCTION

THE co-time co-frequency full duplex system, as shown
in Fig. 1, has become more and more important in

today’s rapidly developing communication systems, and the
co-frequency self-interference suppression characteristics is
urgently required in the full duplex system [1], [2], [3].
The self-interference cancellation has mainly three methods:
antenna-based [4], nonreciprocal system [5], and mixed-
signal [6]. The antenna-based method requires at least two
antennas to achieve self-interference cancellation by applying
an inverse signal to the receiving terminals that is exactly
opposite to its transmitted signal, but this depends on the
antenna locations and the extremely high antenna performance
requirements. The mixed-signal approach uses a feed-forward,
passive, wideband, cancellation scheme to subtract the trans-
mitter signal at the receiver node. This method is more
complex to design and is prone to cause additional interfer-
ence. The circulator, which is one of the methods to realize
self-interference cancellation, has also received more attention
from researchers [7], [8].

Conventional circulators are based on the ferrite materials,
the magnetic moment within the material is given a preferred
direction of rotation under the condition of external magnetic
field bias to break the nonreciprocity. However, traditional
ferrite circulators are bulky and incompatible with conven-
tional silicon-based integration processes [9], [10]. Recently,
the realization of the nonreciprocity properties of the system
under nonmagnetic conditions has attracted the attention of
researchers. A nonmagnetic nonreciprocity metamaterial based
on a ring resonator loop loaded by an active transistor has been
proposed [11], [12], where the transistor is biased by the dc
voltage to produce a rotating magnetic moment similar to that
in ferrites, causing the electromagnetic wave in the ring to
travel in only one direction. However, the noise and nonlinear
distortion of the system will increase due to active-biased
transistors. Spatiotemporal modulation of waveguides based
on electrical or acoustic signals to achieve nonreciprocity
is reported in [13], [14], and [15]. Due to the weakness
of electro-optic and acousto-optic effects, it requires bulky
equipment and relies on nonuniform modulation across the
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Fig. 1. (a) Co-time co-frequency full-duplex system. (b) Three-port circulator.

waveguide cross section, which increases the complexity of the
manufacturing process. Some literatures reported nonmagnetic
circulators by employing the spatiotemporal modulation of the
ring resonator with a phase difference of 120◦, but its operating
frequency band is narrow, and the IL is large due to the
spectral leakage of the modulation port [16], [17], [18], [19].
The nonmagnetic circulator is first implemented using filters
and switches in [20], and since six AlN MSMS filters and
an asymmetric structure are employed, its size, insertion loss
(IL), and system complexity should be improved. In addition,
the authors proposed a modeling method to model a switch as
a resistor in parallel with a current-controlled current source
(CCCS) to achieve a good accuracy of circulator analysis
in [21]. Recently, some scholars put forward the design theory
of network based on switches and delay lines, but the delay
lines are often bulky and do not have frequency selectivity
characteristics. In practice, external filters are usually required
to realize frequency selectivity, which is not conducive to sys-
tem integration. In response, the replacement of the delay line
module with the surface acoustic wave (SAW) filters has been
proposed by some scholars, but the SAW structures are also
not conducive to system integration because of the difference
in processing technologies [22], [23], [24], [25], [26], [27].

In this article, a filtering nonmagnetic circulator based
on the spatiotemporal modulation of a microstrip filtering
delay network using traditional PCB processing technology is
presented. Benefiting from the filtering characteristics and flat
in-band group delay of the proposed microstrip filtering delay
network, the circulator combines the advantages of both the
microstrip filtering structure and nonreciprocal network simul-
taneously. Moreover, the integrated design of the delay module
and microstrip filtering structure realizes the miniaturization
and multifunctional integration of the nonmagnetic filtering
circulator. First, the theoretical basis related to the proposed
filtering nonmagnetic circulator is presented. Then, the impacts
of filtering response, group delay, and time modulations on the
proposed nonmagnetic filtering circulator are analyzed theo-
retically and numerically. Furthermore, the microstrip filtering
delay network with good selectivity and large group delay
characteristics is designed, analyzed, fabricated, and measured.
Finally, for demonstration, a filtering nonmagnetic circulator
with the center frequency of 960 MHz, fractional bandwidth
(FBW) of 6.25%, in-band isolation of −20 dB, and good fil-
tering performance based on the spatiotemporal modulation of
the microstrip filtering delay network is designed, fabricated,
assembled, and measured, which verifies the effectiveness of
the design methodology.

Fig. 2. Schematic of (a) conventional circulator and (b) proposed filtering
nonmagnetic circulator.

II. THEORETICAL ANALYSIS

Generally, a circulator is a passive, nonreciprocal three- or
four-port device that only allows a microwave or radio fre-
quency signal to exit through the port immediately following
the port it entered. For a three-port circulator, a signal applied
to port 1 will only come out of port 2, a signal applied to
port 2 only come out of port 3, a signal applied to port 3 only
come out of port 1, and so on, as shown in Fig. 1(b).

A. Theoretical Analysis of Filtering Nonmagnetic Circulator

The circulators usually consist of switch modules and
delay line modules, as shown in Fig. 2. The delay lines
used to provide group delay characteristics usually have a
relatively large size and IL, which makes the whole circulator
larger in size and deteriorates the transmission performance.
Meanwhile, since the circulator has no filtering function,
external filters are usually required to suppress the out-of-
band interference in practical applications, which makes the
whole system become redundant and not easy to integrate.
Herein, the filtering nonmagnetic circulator is proposed by
integrating the microstrip filtering structure and delay line
together, which incorporates the microstrip filtering structure
into the delay line modules. Moreover, the proposed microstrip
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Fig. 3. Proposed passive nonmagnetic filtering circulator. (a) Schematic
of the proposed three-port circulator. (b) Controlling signal of switches.
(c) Operating principle of the circulator.

filtering delay network has the advantages of filtering response,
smaller size, and lower IL compared with the traditional delay
line, and thus, the miniaturization and lightweight of the
system are further realized.

B. Operating Principle of Nonmagnetic Circulator

As shown in Fig. 3(a), the proposed filtering nonmagnetic
circulator consists of three single pole single throw (SPSD)
switches and two filtering delay networks, and the switches
are controlled by the periodic signals shown in Fig. 3(b).
Through the periodic “ON” and “OFF” of the switches and the
filtering delay networks, the functions of the proposed filtering
circulator are realized. The period of the controlling signal is
four times the group delay of the filtering network’s (4D)

is used to control the switches, and the phase differences of
D are assigned between the four periodic signals, which are
expressed as follows:

SL1(t) =

∑
G2D(t/4D − 0.25 − N ) (1)

SR1(t) =

∑
G2D(t/4D − 0.5 − N ) (2)

SL2(t) =

∑
G2D(t/4D − 0.75 − N ) (3)

SR2(t) =

∑
G2D(t/4D − 1 − N ) (4)

where G2D(t) is the window function signal, and N is the
number of periods of the signal. When the signal of the control
switch is 1, the switch is in the “ON” state; that is, the switch
is completely short-circuited, and when the signal is 0, the
switch is in the “OFF” state, which means that the switch is
completely disconnected. Thus, the periodic “ON” and “OFF”
of the three groups of switches can be realized.

The working principle of the proposed filtering nonmagnetic
circulator is shown in Fig. 3(c), assuming that there is no delay
in the “ON” and “OFF” states of the switches. At time t = 0,
the signal is fed to port 1, it can be known that SL1 and SR2
are at the “ON” states, and the signal of port 1 is further fed to
the filtering delay network 1 through SL1. And after the delay
time D, SR1 is turned “on,” and the signal can enter port 2
through SR1 to realize the transmission from port 1 to port 2.
At time t = D, the signal from port 2 enters the filtering
delay network through SR1. After another delay time D, SL1
is turned “on,” and SL2 is turned “off,” so the signal from
port 2 cannot be transmitted to port 1, but enters port 3, the
time-reversal symmetry is thus broken, and the nonreciprocal
function of the circulator is realized.

C. Frequency-Domain Analysis

In order to further investigate the working mecha-
nism of the proposed filtering nonmagnetic circulator, the
frequency-domain analysis is carried out. Assuming that only
port 1 has an input signal, the excitation signal SA(t) enters
from port 1, and SB(t), SC(t), and SD(t) are successively
generated by the excitation signal after passing through the
switch L1, the filtering delay network and the switch R1, where
the control signal in the frequency domain can be expressed
as follows:

SL1(ω) =
1
2
δ(ω)

+

∞∑
n=1

{
j

nπ
sin

(nπ

2

)
[δ(ω+nωm) − δ(ω − nωm)]

}
(5)

where ωm is the switching modulation signal angular fre-
quency, δ(ω) is the impulse function, and ω is the frequency.
The signal SB(t), SC(t), and SD(t) can be expressed in the
frequency domain as follows:

SB(ω) = SA(ω) ∗ SL1(ω) (6)

SC(ω) = SB(ω) ∗ FG D(ω) = SB(ω) · e− jωD (7)

SD(ω) = SC(ω) ∗ SR1(ω) =
[
SB(ω) · e− jωD]

∗ SR1(ω) (8)

where FG D(ω) is the transfer function of the filtering delay
network module. The time-harmonic components in (6) are
due to the intermodulation products (IMPs) of the input signal
and the switch control signal after the signal passes through
the switch, so it can be seen that the bandwidth of the filtering
delay network module has a critical effect on the system.
As shown in Fig. 4, due to the limited bandwidth of the
filter, only the fundamental tone and a small portion of the
IMPs can be obtained, although most of the signal power is
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Fig. 4. Spectrum of the signal in the proposed nonmagnetic filtering
circulator.

Fig. 5. Impacts of (a) switch rising/falling times and (b) delay time fluctuation
on the transmission coefficients.

provided by the fundamental tone and the first-order IMPs,
but the broadband performance can minimize the system’s IL.
The IL can be calculated as follows:

I L = −10 log

×

[∑
2|an|

2
·

[
G fh− fl ( fo + n fm − fl/2 − fh/2)

+ G fh− fl ( fo + n fm + fl/2 + fh/2)

]]
(9)

fo = fl +
fh − fl

2
(10)

where G fh− fl is the window function, and an is the Fourier
series constant of the square wave, it can be expressed as
follows:

an =


j/nπ · sin(nπ/2), n > 0
1/2, n = 0
− j/nπ · sin(nπ/2), n > 0.

(11)

The passband of the filter is from fl to fh . From (9), it is clear
that as the bandwidth increases, there will be more IMPs in
the passband and the IL of the system will decrease.

D. Filtering Nonmagnetic Circulator Analysis

For investigating the characteristics of the proposed non-
magnetic filtering circulator, a prototype based on the ideal
filtering delay networks is implemented and analyzed. The
delay function of the circulator is implemented by the filtering
delay network with a completely flat group delay response.
Based on the ideal network, we will analyze the impact of the
rising/falling time of switching and the group delay fluctuation.

In general, the system will suffer from additional IL due
to the rising/falling time of switching and the group delay
fluctuation of the filtering delay networks, which affect the
performance of the system, as analyzed in Section II-C.
Therefore, in order to gain an insight into the impacts of the
rising/falling time of the switching and group delay fluctuation
on the transmission coefficient of the proposed nonmagnetic
filtering circulator, the theoretical analysis on the rising/falling
time of switching and the fluctuation are thus carried out. For
the switches, as shown in Fig. 5(a), assuming that the time
required for the rising/falling edge of the switch is Ds , and an
additional time delay Ds will be generated when the signal is
fed through the switches to the filtering delay networks, which
can be expressed as follows:

D1(t) =

∑
G2D−DS (t/2D − DS/4D − 0.5 − N ) (12)

SB(t) = SA(t) · SL1(t) · D1(t) (13)
SD(t) = SA(t − D) · D1(t − D) (14)

where D1(t) indicates the signal transmitted to the output port
after being affected by the time delay Ds . It can be seen from
(13), part of the input signal cannot be transmitted to the output
port due to the influence of Ds , which will increase the IL of
the system.

Similarly, the group delay fluctuation of the filtering delay
network will also affect the transmission characteristics,
as shown in Fig. 5(b). Assuming the fluctuation of time delay
is 1D, it can be deduced as follows:

D2(t) =

∑
G2D−|1D|(t/2D − |1D|/4D − 0.5 − N ) (15)

SC(t) = SA(t) · SL1(t) · D2(t) (16)
SD(t) = SA(t − D − |1D|) · D2(t − D − |1D|) (17)

where D2(t) indicates the signal that can be transmitted after
being affected by 1D. The signal enters the filtering delay
network and part of the signal is not transmitted to the output
port due to the deviation of the time delay, which increases
the IL of the system.

The effects of the switch rising/falling time as well as the
delay fluctuations on the performances of the circulator are
investigated. The numerical analysis on the rising/falling time
of switching and fluctuation is thus carried out, as shown in
Fig. 6. From Fig. 6(a), it can be observed that the good out-
of-band suppressions are maintained as the rising/falling time
of switching changes. Moreover, the effect of the varying of
the switch rising/falling edge time on the IL of the circulator
is presented in Fig. 6(a), and it can be seen that the IL of
the circulator is gradually deteriorated from −0.2 to −1 dB
as the switch rising edge time increased from 0 to 2 ns. When
the control signal is 12.5 ns, the effect of the group delay
fluctuation of the filtering delay network on the IL of the
circulator is presented in Fig. 6(b). It can be seen that the larger
the delay fluctuation, the larger the IL of the circulator. The
related theories of the filtering delay network and the design
process of the filtering nonmagnetic nonreciprocal circulator
are presented in Sections III and IV. It is worth noting
that neither the switch rising/falling edge time nor the delay
fluctuations affect the filtering characteristics of the circulator.
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Fig. 6. Impacts of (a) switch rising/falling times and (b) delay time fluctuation
on the transmission coefficients.

Fig. 7. Coupling units of the filtering network with large flat group delay.

III. THREE-PORT CIRCULATOR DESIGN

Based on the above theoretical analysis, a three-port cir-
culator is designed and proposed, which consists of two
independent switching modules and a two microstrip filtering
delay networks with large and flat group delay responses.
As shown in Fig. 2, the switching module 1 connected with
the filtering delay networks is controlled by the signals SL1
and SL2, and the switch module 2 is controlled by the signals
SR1 and SR2, respectively. As two important parts of the
proposed filtering nonmagnetic circulator, the characteristics
of the filtering delay network and the switch module are
investigated in detail as follows.

A. Filtering Delay Network Module

The conventional delay lines are bulky and do not have
frequency-selective characteristics. To integrate the filtering
and delay characteristics together, a filtering delay network
is proposed based on the coupled line structure.

As the basic unit of the proposed filtering delay net-
work, the λ/4 microstrip coupled network model is shown
in Fig. 7, and its odd- and even-mode impedances can be
represented in terms of the normalized impedance Z0, Z0 =

(Ze Zo)
1/2 [28], [29]

Ze = Z0

√
1 + C f

1 − C f
, Zo = Z0

√
1 − C f

1 + C f
, and

Fig. 8. (a) Structure of the microstrip filtering delay network. (b) Photograph
of the microstrip filtering delay network.

C f =
Ze − Zo

Ze + Zo
(18)

where C f is the coupling coefficient, and then, the Z-parameter
can be expressed as follows:

[Z ] =


− j

Z0√
1 − C2

f

cot
π f
2 f0

− j
Z0C f√
1 − C2

f

csc
π f
2 f0

− j
Z0C f√
1 − C2

f

csc
π f
2 f0

− j
Z0√

1 − C2
f

cot
π f
2 f0


(19)

where f is the operating frequency, and f0 is the center
frequency, the input impedance can be derived from the
Z-parameter as follows:

Z in = Z11 −
Z12 Z21

Z22 + ZL
. (20)

The group delay and transmission coefficient of this coupled
network structure can be expressed as follows:

τ = −
1

2π

d ̸ S21

d f
(21)

S21 =
Z ine − Z ino

(Z ine + 1)(Z ino + 1)
(22)

where Z ine is the value of Z in when ZL is 0 and Z ino is the
value of Z in when ZL is ∞.

From the theoretical analysis of the group delay and trans-
mission coefficient characteristics of the coupled line structure,
a filtering delay network with a flat group delay response
based on a λ/4 parallel coupled line is obtained. The proposed
microstrip filtering delay network is small in size, simple in
structure, as shown in Fig. 8 and has an in-band flat group
delay, which can be seen from Fig. 9. The detailed parameters
of the filtering delay network are shown in Table I. The impact
of l4 on the group delay response and S-parameters is shown
in Fig. 9. It can be seen that as l4 increases, the group delay
response becomes flatter.

The prototype of the proposed filtering delay network is
fabricated on Rogers/duroid 6010 substrates with a thickness
of 1.27 mm, a relative permittivity of 10.2, and a loss tangent
of 0.0023. The simulated and measured results are shown
in Fig. 10, and the measured results agree well with the
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Fig. 9. Impacts of l4 on the transmission coefficients and group delay of the
proposed filtering delay network.

TABLE I
DIMENSIONS OF THE FILTER IN FIG. 10 (UNIT: mm)

Fig. 10. Simulation and measurement results of the filtering delay network.

Fig. 11. (a) Schematic of the MSW 2-20+ [30]. (b) Photograph of the MSW
2-20+. (c) Photograph of the switching module.

simulation ones. It can be seen that good frequency selec-
tivity characteristics are achieved, and the measured/simulated
filtering delay network has a flat in-band group delay of 14/14
ns within the frequency band of 925–980 MHz/930–990 MHz,
and the IL is better than 1.46/0.89 dB.

Fig. 12. Transmission characteristics of the proposed filtering nonmagnetic
circulator, when (a) Port 1, (b) Port 2, and (c) Port 3 are excited, respectively.

B. Switch Module

The switch module is composed of four pieces MSW
2-20+, the schematic of the MSW 2-20+ is shown in Fig. 11.
Each switch is controlled by two controlling signals (SR/SL)
with a phase difference of 2D. Switch module 1 consists of
four MSW 2-20+ with four RF IN ports corresponding to ports
1 and 3 and the filtering delay network modules. The signals
from port 1 are multiplexed into the filtering delay network

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on February 14,2024 at 06:22:47 UTC from IEEE Xplore.  Restrictions apply. 



1222 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 72, NO. 2, FEBRUARY 2024

Fig. 13. Simulated spectral content of (a) input signal, (b) transmitted signal
at port 2, and (c) transmitted signal at port 3.

module in a time-division sequence by the controlling signal
SL. That is, the signals in 0 − 2D are fed into the filtering
delay network 1 and enter the filtering delay network 2 in
2D − 4D. The switch module 2 is only composed of a single
MSW 2-20+ and is controlled by SR. The signal from port 2
is fed to filtering delay networks 1 and 2 through RF1 and
RF2, respectively, which can be seen from Fig. 3.

IV. SIMULATION AND MEASUREMENT RESULT

The circulator is simulated in PathWave Advanced Design
System (ADS) [31], the control signal of the switch is simu-
lated by four single pulse signals, and the rising edge time of
the switch is set to 2 ns to simulate the opening and closing
of the switch. The frequency of the control signal is set to
17.85 MHz (1/4D) according to the delay of the filtering delay
network is 14 ns. The simulation results are shown in Fig. 12.

It can be seen from Fig. 12 that the filtering circulator
operates at 930–990 MHz with an FBW of 6.25%. It can
be seen from Fig. 12(a) and (b) that the good filtering
characteristics of the circulator are achieved, and the IL is
only 2.6 dB when the signal is transmitted from port 1 to
port 2 or port 2 to port 3. It can also be seen that good port
isolations within the passband of the circulator are achieved,
and the isolations are higher than 20 dB. Since the in-band
group delay fluctuation of the filtering delay network, IL and
port isolations are deteriorated, especially at the edges of the
passband.

The spectrum analysis of the simulation is shown in Fig. 13,
using a single-tone signal input with a frequency of 960 MHz
and a power of −10 dBm. It can be seen that the transmitted
signal at port 2 is −12.4 dBm, IL is 2.4 dB, and the highest
modulation harmonic tone is 16.2 dBc, caused by the switch
and nonflatness of the time delay. The transmitted signal from
the isolated port is −34.4 dBm and the highest modulated tone
is 24.4 dBc.

Fig. 14. Photograph of the proposed filtering nonmagnetic circulator.

Fig. 15. Measured and simulated results of the filtering nonmagnetic
circulator.

Fig. 16. Measured linearity. (a) P1dB. (b) IIP3.

For demonstration, a prototype of the proposed filtering non-
magnetic circulator is fabricated, assembled, and measured,
as shown in Fig. 14. The measurement results of the filtering
nonmagnetic circulator are shown in Fig. 15, it can be seen
from the results that the measurement results agree with the
simulated ones, and the proposed filtering nonmagnetic circu-
lator has good filtering characteristics and loss IL. Moreover,
the in-band isolation is greater than 20 dB. Thus, the filtering
nonmagnetic circulator with filtering characteristics and high
in-band isolation is thus achieved.

The linearity of the circulator was evaluated by measuring
the 1-dB input compression point (P1dB) and the input-
referred third-order intercept point (IIP3), and Fig. 16(a) shows
that the circulator has good linearity with the measured P1dB
of 29 dBm because MSW 2-20+ switch has high linearity.
(P1dB of the switch is 27 dBm.) The IIP3 measurement was
done by transmitting a two-tone signal with frequency spacing
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TABLE II
COMPARISON OF OTHER NONMAGNETIC CIRCULATORS

of 2 MHz (959 and 961 MHz), and the measured IIP3 was
40.5 dBm, which is shown in Fig. 16(b).

Table II summarizes the comparison of the proposed work
with other nonmagnetic circulators. It can be seen that the
proposed filtering nonmagnetic circulator has the advantages
of easy integration, lower IL, higher port isolations, and
filtering characteristics.

V. CONCLUSION

In this article, a filtering nonmagnetic circulator based
on the spatiotemporal modulation of a microstrip filtering
delay network using traditional PCB processing technology is
proposed. The theory of the proposed filtering nonmagnetic
circulator and the filtering delay network with large group
delay are analyzed. A three-port circulator is designed and
implemented, which has good in-band isolations and filtering
performance, and the size of the circulator is reduced due
to the integrated design of the nonreciprocal circulator and
the filtering delay networks. Moreover, because the process-
ing technology is compatible with the common IC process,
the proposed filtering nonmagnetic circulator can be further
miniaturized, in addition to integrating the filtering delay work
module and the switches module on the same board.
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